INTRODUCTION:
In spite of new technologies and methods of osteosynthesis in the field of craniomaxillofacial surgery, clinicians continue to experience failures and complications. Assumptions made about craniofacial loading and strain patterns have led to clinically significant complications, often resulting in the need for re-operation. The complex skeletal anatomy and the intricate soft tissue and muscular system of the craniofacial region present significant challenges in reconstruction. Functional adaptation theory has been proposed to describe the development of the CFS stating that "facial bones are optimized for countering masticatory loads, i.e., that they exhibit minimum material and maximum strength for countering cyclical loading regimes" 1 . However, the standard approach in understanding craniofacial reconstruction has been based on the "buttress" anatomy and "beam" hypothesis. This approach has been utilized in order to reduce the complex structure of the craniofacial skeleton (CFS) into simpler and therefore more easily understood structures 2 . However, the stresses and strains present in the CFS are difficult to assess due to complex bone morphology and the complexity of muscle loading. Previous experimental work has been conducted on cadaveric heads to understand the biomechanical behavior of the CFS. Loading scenarios in these studies have ranged from pulleys and rope systems to direct compressive forces on the zygomatic body; yet the directionality and magnitude of these applied loads have been unrelated to the anatomic pull of the muscles of mastication. Designing devices and treatments for the CFS without accounting for the actual complexities of the true mechanical environment continues to result in sub-optimal treatment modalities. Thus, characterizing the biomechanical environment of the CFS is essential for developing techniques that address its structure and function effectively. The objective of the present study was to characterize and quantify the strain patterns in the midfacial region of the CFS under muscle loading specifically the masseter and temporalis muscles. We hypothesized that strain patterns in the midfacial region of the CFS will yield consistent patterns despite anatomic variation and follow the form-function relationship.
METHODS:
Five fresh frozen human cadaveric heads of two males and three females (average age 86 years) were CT scanned at a 0.488mm resolution. Before scanning, radio-opaque fiducial markers were affixed to four positions on the CFS to provide a 3D coordinate system for subsequent data processing. After scanning, the left sides of the 5 cadaveric heads were dissected of all soft tissues except for the temporalis and masseter muscles. To mimic the mastication forces on the CFS Aluminum interface plates were affixed to the free end of the masseter and temporalis muscles using Ti-Cron 1/0 sutures. Occlusion was used as the restraint position for the skull to mimic the physiological condition when the teeth come into contact during mastication. A specially designed fixture and bone cement were used to hold the skull through the teeth during mechanical testing. Each skull was mounted on the Bionix 858 Material Testing Systems. A stainless steel wire was used to provide a link between the interface plates of the masseter and temporalis muscles and the tensile force actuator on the MTS. Strain gauges were bonded to the craniofacial bony surfaces and digitized using a microscribe prior to testing. A total of 8 uniaxial and rosette strain gauges were bonded to the bony surface of the midfacial region of the CFS. Loading of the skull consisted of single muscle (masseter then temporalis) loadings in tension to 100N. Strain at these loads was measured using a data acquisition system.
RESULTS:
The measured strains for all 5 specimens under masseter and temporalis loading are presented visually in Figure 1 . Under masseter loading in all five heads the thin maxillary anterior antral wall experienced high maximum principal tensile strains (ε1) ranging from 139.68 to 685.5µε and high minimum principal compressive strains (ε2) ranging from -172.43 to -722.44µε (average angle 33° clockwise from the face long axis). Similar strain patterns were found in the same location in 4 out of 5 heads under temporalis loading with ε1 ranging from 100.16 to 454.11µε and ε2 ranging from -102.90 to -489.98µε (average angle 16° clockwise from the face long axis). Biaxial strain patterns of lower magnitude were measured on the zygoma under both temporalis and masseter loading. Under masseter loading the rosette strain gauge on the zygoma revealed a ε1 ranging from 92.47 to 208.59µε and ε2 ranging from -22.64 to -78.11µε (average angle 8° counter clockwise from the face long axis). Temporalis loading revealed much lower strain magnitudes with ε1 ranging from 32.25 to 86.07µε (average angle 12° counter clockwise from the face long axis) and ε2 ranging from -2.04 to -63.85µε. Uniaxial strain gauges revealed high tensile strains on the frontal process during masseter loading (maximum 290.64µε). Uniaxial strain gauges also revealed that low strains were present in the supraorbital rim, nasal and frontal bones during masseter and temporalis loading. In spite of the morphological differences between the 5 heads, the overall strain patterns were similar in 4 out of the 5 heads for each of the muscle loading conditions (Fig.1) .
DISCUSSION:
The biomechanical behaviour in the midfacial region with masticatory muscle loading revealed some unexpected strain patterns. Although the highest strains were found in the maxillary buttresses, strains over the maxillary anterior antral wall were surprisingly high given the thinness of that bone. This is counter to assumptions classically made about the form-function relationship in the CFS, which would indicate little strain experienced by thin bone structures. The strain directions also revealed that the zygoma undergoes bending in the coronal and sagittal planes during both Masseter and Temporalis loading. The magnitude of maximum principal strains measured on the maxilla is similar to the strain magnitude produced by the masseter. These findings are nonintuitive, as it believed that the temporalis muscle does not produce much force in that region. This impact of the temporalis on the strain patterns of the midfacial region highlights the importance of a full and accurate characterization of the mechanical behaviour of the CFS in the optimization of osteosynthetic technologies. The consistent overall strain patterns found despite morphological differences between the specimens indicate that common structural solutions may be viable for CFS reconstruction. The need for customized reconstructive surgeries may be questionable if morphological differences are not the main factor influencing the strain patterns in the CFS. These findings have important implications, both for our understanding of facial skeletal biomechanics, as well as for the treatment of craniofacial trauma and disease. REFERENCES: 1-Hylander et al. Am.J.Phys. Anthro, 1997 Feb; 102 (2), 203-32. 2-Rudderman et al. Clin.Plast.Surg, 1992 Jan, 19 (1), 11-29 Figure 1 : CT generated specimen specific 3D models of the five cadaveric heads with strain gauge positions and in vitro strain measurements. Masseter muscle loading (upper row) and Temporalis muscle loading (lower row).
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